Introduction
Angiotensin II plays an important role in cardiovascular and extracellular volume homeostasis. The diverse physiologic actions of angiotensin II include control of solute transport in epithelial cells ofthe jejunum (1) and ofthe renal late proximal tubule (2) (3) (4) (5) (6) . Recently, we found angiotensin II had a far greater impact on transport in the early (1st mm) compared to late (2nd-5th mm) rat proximal convoluted tubule (PCT)' in vivo (7) . Morphologically different epithelial cell types reside in the early and late PCT, termed SI and S2, respectively (8) .
Sodium bicarbonate reabsorption, which is effected by luminal hydrogen ion secretion, was the transport function in SI cells preferentially stimulated by angiotensin 11 (7) . These preliminary observations did not establish the mechanism by which angiotensin II regulated hydrogen ion secretion in SI cells. In the jejunum, angiotensin II increases solute transport indirectly: angiotensin II potentiates sympathetic nerve activity and release of norepinephrine, which then changes epithelial cell transport via a, receptors (1) . Proximal tubule cells are richly innervated (6, 9, 10) , but they also have angiotensin II receptors (5, (11) (12) (13) (14) . However, receptor-mediated stimulation of epithelial cell hydrogen ion secretion by angiotensin II has not been previously described. Direct hormonal control of SI cell function could potentially have great physiologic importance because these cells are normally responsible for fully half of renal bicarbonate reabsorption (15) .
In the present studies, we first examined whether angiotensin II affects hydrogen ion secretion via the renal sympathetic nerves or via receptors on the epithelial cells themselves. After having established the predominance of the latter mechanism, in the next experiments we examined whether a nonuniform receptor density as a function of tubule length might explain the greater change in hydrogen ion secretion induced by angiotensin II in the early compared to the late PCT and whether basolateral and luminal receptors were both capable of transducing this angiotensin II effect. Finally, we examined the contribution of the Na+/H' antiporter and kinetic aspects of the enhanced acidification induced by angiotensin II.
Methods Preparation ofanimals
Male Munich-Wistar rats (weighing 200-220 g) were used in these studies and prepared for microperfusion as previously reported from this laboratory (7, 16, 17) . For studies examining the role of renal nerves in the action of angiotensin II, denervation was performed by standard mechanicochemical techniques, as previously described (10).
In vivo microperfusion
Only one proximal nephron was used for each kidney. Microperfusion was performed in both the early and late portions of the same PCT, in both a control and an experimental period, as previously described (7, (16) (17) (18) . The entire PCT was initially mapped by injecting a small oil droplet into Bowman's space, as previously described. First studied was the late portion of the PCT, the S2 subsegment, defined as being 2.5-5 mm from the glomerulus (8) . A thermally insulated microperfusion pump (Wolfgang Hampel, Berlin, Federal Republic of Germany) was utilized for orthograde perfusion, at 30 nl/min unless otherwise specified. Timed collections of 3-4 min were performed. The same procedures for perfusion and collection were then performed in the early portion of the same nephron, the SI subsegment, defined as the initial millimeter from the glomerulus (8) .
The perfusion solution was the standard glomerular ultrafiltrate-indicated protocols, 4.3 mM amiloride (Sigma Chemical Co., St. Louis, MO) or 1 X 10-12 M or I X 10-" M angiotensin II (Asn', Val5 All, Sigma Chemical Co.) was added to the perfusate. For determining bicarbonate permeability, the previously described bicarbonate-free, acetazolamide-containing perfusate was used (16) (17) (18) . When intravenous angiotensin II (20 ng/kg min) was used, the protocol was the same as previously described (7) . This dose of angiotensin II has minimal effects on systemic or glomerular hemodynamics or the peritubular Starling forces ( 19) .
After completing all collections, the entire tubule was injected with liquid microfil, the kidney was dissolved in acid, and the microfil casts were dissected and photographed for measurement of perfused length. The volume of collected sample was measured and aliquots removed for determination oftotal CO2 concentration by microcalorimetry and of chloride concentration by microtitration and for radioactivity counting (7, (16) (17) (18) .
Calculations were performed as previously described (7, (16) (17) (18) (16) (17) (18) , the transepithelial potential difference was not measured or included in this calculation. Spontaneous potential differences in the early PCT are small (.-2 mV) and the absence of organic solutes and presence of acetazolamide should minimize the transport-generated potential difference (20, 21) .
For the studies investigating the effect of angiotensin II on the kinetics of PCT acidification, net bicarbonate absorption was assumed to be the sum oftwo components, passive bicarbonate diffusion (JHC3) plus proton secretion (JH+): JHCO3 = JHCO3 + JH+, where JHCO3 was the product of the PHCO3 at that flow rate and the measured arithmetic mean bicarbonate concentration gradient: JHCSS3 = PHCO3 X ([(CO + CL)/2] -CP).
There were five microperfusion protocols: Denervation: effect of angiotensin II. To examine whether angiotensin II-induced changes in early and late PCT transport were mediated via the renal nerves, the effect on transport by intravenous angiotensin II was measured after renal denervation (n = 5) and compared to the innervated state (7) .
Polarity ofangiotensin transport effects. These studies assessed the relative physiologic importance of basolateral versus luminal effects. The magnitude of transport stimulation by intravenous angiotensin II (which raises systemic angiotensin II level from about 1-5 to 5-10 X 10-12 M [22, 23] ) with an angiotensin II-free perfusate was compared to that elicited by luminal perfusion with either 1 X 10-12 M (n = 5) or 1 X 10-" M (n = 5) angiotensin II under conditions of a constant basolateral environment.
Role of Na+/H+ exchanger in stimulation by angiotensin II of proximal acidification. The effect of angiotensin II on PCT acidification was assessed in the presence of 4.3 mM luminal amiloride (n = 5), which has been previously shown to potently inhibit the Na+/H+ exchanger in vivo (24) . In preliminary studies, we confirmed the specificity and potency of amiloride for inhibiting PCT acidification. Amiloride markedly inhibited bicarbonate absorption (-50 Although angiotensin II can stimulate bicarbonate absorption when bicarbonate transport is initially submaximal, during perfusion at 30 nl/min (7), we investigated whether transport stimulation could still occur if a maximal hydrogen ion secretory rate was initially present. Perfusion was therefore performed at 45 nl/min (n = 5), which induces a maximal rate of proton secretion (18) . Hydrogen ion secretion was calculated from net bicarbonate absorptive rates by correcting for rates of passive bicarbonate back-leak (calculated from measured bicarbonate permeabilities in the previous protocol, as described above).
Angiotensin II receptor binding 
Statistical analysis
Data are presented as mean±SEM. Significance was assessed using the paired t test for results obtained in the same tubule or unpaired t test for results in different tubules.
Results
Mode ofaction ofangiotensin II on early proximal acidification Role of renal sympathetic nerves. Whether renal sympathetic nerves mediate the changes in transport induced by angiotensin II was first examined. In vivo microperfusion was performed in the early and late PCT of normally innervated kidneys, as previously reported (7), or of denervated kidneys. In each case, transport rates were measured during a control period and following 20 ng/kg. min angiotensin II i.v. Denervation itself reduced transport rates by 10 to 50% depending on the solute, in roughly similar proportions in the early and late PCT ( Table I ). As illustrated in Fig. 1 , the angiotensin II-induced increments in chloride and volume absorption were markedly attenuated by renal denervation, indicating neural mediation of these transport effects. In contrast, denervation did not prevent stimulation of bicarbonate absorption by angiotensin II in either early (169±25 vs. 190± 10 peq/mm * min) or late (27±2 vs. 60±6 peq/mm. min) PCT. Thus, the ability for angiotensin II to stimulate bicarbonate absorption was independent of renal nerve activity.
Angiotensin II receptors on PCT epithelial cells. Greater angiotensin II-induced transport stimulation occurred in the early compared to late PCT independent of the renal nerves (Fig. 1) (Fig. 1 ).
Basolateral vs. luminal angiotensin II signaling. In the above perfusion experiments in which lumens were perfused with an angiotensin II-free solution, the augmented hydrogen ion secretion after intravenous angiotensin II was signaled via the basolateral route ( 12, 14) . The systemic angiotensin II level under normal conditions in the rat is -1-5 X 10-12 M and rises to -5-10 X 10-12 M after low-dose intravenous angiotensin II administration (22, 23) . Since membrane receptors facing the tubular lumen also exist (13, 14) , occupancy of luminal receptors by comparable doses of angiotensin II might also affect transport.
As shown in Fig. 4 A, increments in bicarbonate absorption after luminal perfusion with physiologic concentrations of angiotensin II of 10-12 or 10-" M were 94±6 and 53±5 peq/ mm * min, in the early PCT. The changes in the late PCT were 8±1 and 13±2 peq/mm -min, respectively. All values were, however, substantially less than after intravenous angiotensin II infusion. Thus, angiotensin II can stimulate proximal hydrogen ion secretion via both luminal and basolateral mechanisms.
Mechanism and kinetics ofangiotensin II-stimulated acidification
Participation ofNa+/H+ antiporter. Most, but not all, proximal acidification is effected by the Na+/H' antiporter. To deterAngiotensin II and Proximal Acidification 603 ( 1 1 (Table III) .
Effect on Vman. To further examine the transport kinetic changes induced by angiotensin II, we compared the response to angiotensin II when the basal rate of proximal bicarbonate absorption was submaximal (using a 30-n/min microperfusion rate as described above) to that when the rate was initially at a maximal level (15, 17, 18) , achieved by increasing the microperfusion rate to 45 nl/min (18) . As shown in Table IV , when perfusion rate was 45 nl/min and bicarbonate absorption was maximal, angiotensin II caused little further change in net bicarbonate absorption in the early PCT (from 548±9 to 557±18 peq/mm * min, NS) (Fig. 4 C) or late PCT (177±5 to 188±4 peq/mm min, P < 0.005). Net bicarbonate absorption is the sum of active hydrogen ion secretion and passive bicarbonate back-leak. When corrected for altered bicarbonate permeability (see above) and hence bicarbonate back-leak, there was no change in the rate of hydrogen ion secretion by angiotensin II: 627±17 to 608±24 and 202±9 to 205±6 peq/mm min, respectively (Table IV) . Thus, angiotensin II did not affect the maximal rate (Vm,) of hydrogen ion secretion. (18) . There were five tubules in each group. Mean±SEM is shown and asterisk (*) indicates significant difference (P < 0.001) from control.
Discussion
Control by angiotensin II of epithelial transport may be mediated by the nervous system via central and/or presynaptic peripheral nerve receptors (1, 6, 25) , or by receptors on the cells themselves (5, (11) (12) (13) (14) . In previous studies, the magnitude of the hormonal response was relatively small and the solute specificity (whether angiotensin II affected sodium bicarbonate and/or sodium chloride transport systems) was not elucidated (1-6). We recently reported that angiotensin II had a profound impact on sodium bicarbonate absorption in SI cells ofthe early PCT (7), and now provide evidence that this transport regulation correlated with a high receptor density on these cells (Figs. 2 and 3 ) and did not require the presence of renal sympathetic nerves (Fig. 1) . Direct receptor-mediated stimulation of epithelial cell hydrogen ion secretion by angiotensin II has not been previously described.
In contrast to the marked change in bicarbonate absorption in the early PCT, the stimulation by angiotensin II of chloride and volume absorption was relatively small and required intact renal innervation. The present studies are the first, in fact, to demonstrate any functional renal nerve effects on transport in SI cells of the PCT (Table I) (12) (13) (14) and angiotensin II occupancy of both affected bicarbonate absorption (Figs. 1 and 4 A) . The increase in bicarbonate absorption induced by luminal 10"-' M angiotensin II was no higher than by 10-12 M, and less than the increase elicited by raising systemic angiotensin II concentration (Fig. 4 A) . However, it is difficult to rigorously compare the relative physiologic importance of these two receptor systems without further kinetic characterization and without knowledge of in vivo intrarenal angiotensin levels and their indirect, nonepithelial cell receptor effects. The physiologic mechanism by which angiotensin II receptor occupancy is transduced such that bicarbonate absorption is stimulated could involve (a) reduced bicarbonate permeability and hence reduced passive back-leak, (b) increased luminal acidification involving the Na+/H' antiporter; and/or (c) increased luminal proton pump activity.
In absolute terms, proximal bicarbonate permeability is normally small, although relatively higher in the early PCT, and is flow-dependent (16) (17) (18) . Angiotensin II reduced PCT bicarbonate permeability (Table III) , but this had only a minor impact on net bicarbonate absorption because the baseline back-leak rate was low relative to the proton secretory rate (Table IV) . Nevertheless, it is intriguing that a paracellular property, bicarbonate permeability, was altered by a hormone acting on cellular function. This phenomenon is reminiscent of, although opposite in orientation to, the increase by cAMP of nonelectrolyte permeability noted by Jacobson (27). The two observations are conceivably related since angiotensin II has been reported to reduce cellular cAMP (14) . In any case, the interesting possibility is raised that altered cell morphology, which changes paracellular permeation properties, also may be involved in and/or mediate the change in active transport.
The studies with luminal amiloride (Table II and Fig. 4 B) Angiotensin II and Proximal Acidification 605 Fig. 4 C) . These findings imply that angiotensin II does not alter the total number (Vms5) of hydrogen ion transporters but rather their apparent substrate affinity. Such a kinetic response in vectorially transporting epithelial cells in vivo is qualitatively similar to the finding of Berk et al. (29) that angiotensin II alters the Km but not Vmax of the Na+/H' exchanger in vascular smooth muscle cells cultured in vitro. The intracellular second messenger system that serves to transduce the angiotensin II signal to augment hydrogen ion secretion in epithelial cells is currently unknown. The comparatively larger transport effect at the lower flow rate fits with the well-known physiological observation that angiotensin II is needed and has a greater role in controlling renal transport during conditions of extracellular volume contraction, when luminal flow rate is typically low.
In conclusion, angiotensin II, via direct receptor signaling 
